Chromosomes are dynamic structures that must be reversibly condensed and unfolded to accommodate mitotic division and chromosome segregation. Histone modifications are involved in the striking chromatin reconfiguration taking place during mitosis. However, the mechanisms that regulate activity and function of histone-modifying factors as cells enter and exit mitosis are poorly understood. Here, we show that the anaphase-promoting complex or cyclosome (APC/C) is involved in the mitotic turnover of TRRAP (TRansformation/tRanscription domain-Associated Protein), a common component of histone acetyltransferase (HAT) complexes, and that the pre-mitotic degradation of TRRAP is mediated by the APC/C ubiquitin ligase activators Cdc20 and Cdh1. Ectopic expression of both Cdh1 and Cdc20 reduced the levels of coexpressed TRRAP protein and induced its ubiquitination. TRRAP overexpression or stabilization induces multiple mitotic defects, including lagging chromosomes, chromosome bridges and multipolar spindles. In addition, lack of sister chromatid cohesion and impaired chromosome condensation were found after TRRAP overexpression or stabilization. By using a truncated form of TRRAP, we show that mitotic delay is associated with a global histone H4 hyperacetylation induced by TRRAP overexpression. These results demonstrate that the chromatin modifier TRRAP is targeted for destruction in a cell cycle-dependent fashion. They also suggest that degradation of TRRAP by the APC/C is necessary for a proper condensation of chromatin and proper chromosome segregation. Chromatin compaction mediated by histone modifiers may represent a fundamental arm for APC/C orchestration of the mitotic machinery.
INTRODUCTION
Accurate transmission of genetic information requires chromatin reconfiguration from a relaxed to a highly condensed structure that facilitates cell division. Genomic DNA is wound around histones that are subject to various post-translational modifications that dictate its level of compaction. 1 Specifically, histone acetylation is involved in chromatin reconfiguration as cells enter and exit mitosis. 2, 3 Mitosis is characterized by hypoacetylation of histones, with the acetylation of histones decreasing during the early stages of mitosis, absent in metaphase and anaphase and then gradually increasing again in the late mitotic phase. 3 The anaphase-promoting complex/cyclosome (APC/C) is a multicomponent E3 ubiquitin ligase that, by targeting protein substrates for 26S proteasome-mediated degradation through ubiquitination, coordinates the temporal progression of eukaryotic cells through mitosis. 4 Although the role of the APC/C in targeting mitotic players is clearly established, the mechanism that couples the activity of histone acetylation complexes with cell cycle transitions is poorly understood.
Acetylation of core histone tails by histone acetyltransferases (HATs) is a paradigm for transcriptional activation and is reversed by histone deacetylases. 5, 6 A common component of many HATs is TRRAP (TRansformation/tRanscription domain-Associated Protein), whose function has been linked with the recruitment of HAT complexes, both from the GNAT and MYST HAT families, to transcription factors bound to their target promoters in chromatin (reviewed in Murr et al. 7 ). By regulating histone acetylation, TRRAP is believed to participate in all processes related to the chromatin compaction level, including transcription induction, 8 and the repair of DNA double-strand breaks. 9, 10 It was shown that TRRAP deficiency had consequences in cell division. Homozygous mutation of Trrap in mouse germline results in peri-implantation lethality, whereas embryonic stem cells derived from TRRAP knockout mice show different types of chromosomal aberrations and mitotic defects. 11 Moreover, TRRAP was shown to be involved in transcriptional regulation of genes involved in mitotic checkpoint and mitotic progression. 12, 13 Finally, TRRAP protein was also shown to participate in the activation of histone transcription in early S phase.
14 Dynamic changes in chromatin reconfiguration during cell cycle progression require concerted efforts of histone-modifying machineries. However, the mechanism that couples the activity of HAT complexes with cell cycle transitions is poorly understood.
Here, we studied the regulation of TRRAP during the cell cycle and revealed the mechanism underlying cell cycle, stagedependant TRRAP proteolysis, and the consequences of failure to destroy the protein during entry in and exit from mitosis.
RESULTS

TRRAP protein expression is regulated during the cell cycle
Previous work from our group has implicated TRRAP protein in the control of cell cycle and mitotic progression. 12 Because many proteins involved in cell cycle and mitotic control are themselves expressed in a periodical fashion, we were interested in studying the regulation of TRRAP during the cell cycle. To this end, we arrested 293T cells at the G1/S boundary using a double thymidine block followed by a release into fresh media to allow cells to progress through the cell cycle. Whole-cell extracts were prepared to monitor expression of TRRAP by western blotting. After thymidine block, TRRAP expression is higher compared with asynchronous cells (Figure 1a ). Protein levels remain high up to 5 h after release, corresponding to S phase. Before mitosis (B8 h post release), TRRAP protein expression drops sharply and remains at low levels until the following late G1 phase. Consistent results were obtained in an independent cell line, HeLa (Figure 1b ). In this case, peak TRRAP levels were reached during S phase (4-7 h post release from thymidine block; Figure 1b ). In addition, an alternative protocol of synchronization was used to further explore the kinetics of TRRAP turnover. To this end, a Figure 1) . This was followed by a marked increase at 8-10 h post release, approximately the time when cells reached the G1/S-phase transition.
To precisely define cyclical expression of TRRAP, bromodeoxyuridine (BrdU) incorporation was used to quantify the percentage of cells in the S phase. In addition, phosphorylation of histone H3 in serine 10 (pS10H3) was used for mitotic index (MI) quantification after cell synchronization. As shown in Figure 1b , protein levels began to drop after BrdU incorporation ceased, and concomitantly with an increase in pS10H3 signal. Moreover, TRRAP protein levels begin to drop at B1 h before CCNB1 degradation in both 293T and HeLa cells (Figure 1a) . It is noteworthy that TRRAP mRNA expression was not significantly regulated during the cell cycle, as assessed by quantitative realtime PCR (qRT-PCR; data not shown). An additional double thymidine synchronization with hourly time points and densitometry quantification was done in HeLa cells (Figure 1c ). This synchronization confirmed that TRRAP levels are maximal during S phase, and begin to drop before mitosis. As can be seen, TRRAP initial reduction starts before both Cyclin A and B1. Low levels of TRRAP are still detectable after mitosis. In contrast, the HAT component Tip60 (a common TRRAP partner) continues to be expressed during the whole cell cycle. Together, these results indicate that TRRAP protein is expressed in a cell cycle-dependent fashion, with highest expression levels during S phase and a drop before mitotic exit. The lack of significant changes at the mRNA level suggests a post-transcriptional control of TRRAP expression. TRRAP protein is degraded by ubiquitination before mitotic exit Proteasome-dependent degradation is a common mechanism to control protein levels during the cell cycle. To test whether TRRAP downregulation was dependent on the ubiquitin-proteasome system, we investigated the ubiquitination status of TRRAP using immunoprecipitation. Constructs of Flag-TRRAP and empty vector were transfected into either HeLa or 293T cells, and 48 h post transfection, lysates were prepared and immunoprecipitated using anti-Flag antibody. Western blot analysis using anti-ubiquitin antibody revealed higher-molecular-weight TRRAP bands in both HeLa and 293T cells at similar levels, consistent with TRRAP ubiquitination (Figure 2a) . We further tested the effects of proteasome function on the accumulation of TRRAP protein. As observed in the initial experiments, prometaphase cells display reduced levels of TRRAP protein in comparison with asynchronous cells (Figure 2b ). This striking reduction of TRRAP protein levels in nocodazol-treated cells was prevented by the proteasome inhibitor MG132 (Figure 2b ). These results suggest that the drop in TRRAP protein levels is because of increased proteolysis in mitotic cells.
To further validate these results, HeLa cells were transfected with a green fluorescent protein (GFP)-tagged TRRAP-expressing vector (GFP-TRRAP) and TRRAP protein levels were evaluated by fluorescent microscopy in the presence of proteasome inhibitor. As shown in Figure 2c , expression of GFP-TRRAP was increased after as short a period as 4 h of treatment with MG132 (mean fluorescence per nucleus ¼ 19.2 and 30.4 in control and MG132-treated cells, respectively; P-value ¼ 0.037). To follow the accumulation of TRRAP at different time points after proteasome inhibition, the GFP-TRRAP construct was used in a G1/S synchronization experiment with double thymidine block. Cells were released from the thymidine block and followed for different time points in the presence or absence of MG132-induced proteasome inhibition. Accumulation of TRRAP protein occurred at 4 h after release (that is, during S phase), although this was much more evident in the MG132-treated cells. As expected from our previous double thymidine experiments (compare with Figures 1a and b) , there was a drop in protein expression at 8 h after release (Figure 2d ). However, cells treated with MG132 exhibited GFP-TRRAP stabilization up to 8 h after release (Figure 2d ). Together, these data show that TRRAP protein is ubiquitinated and degraded before mitotic exit by a mechanism that is dependent on the ubiquitin-proteasome system. Cdc20 silencing induces TRRAP protein accumulation Several ubiquitin ligases are involved in the timely destruction of cell cycle proteins at specific cell cycle transitions. To test whether mitosis-specific degradation of TRRAP is mediated by APC/C, the major ubiquitin ligase regulating the M/G1 transition, 15 we analyzed TRRAP amino acid sequence and found a destruction motif (D-box) at residue 1583 (RXXLXXXXN) immediately followed by a putative KEN-box motif at residue 1664 (KENXXXXN) (Figure 3a) . Target specificity for APC-mediated ubiquitination is dictated by one of two possible APC activators, Cdc20 or Cdh1, and the presence of destruction motifs in its target proteins. 4 In contrast to the KEN-box motif, the D-box motif of TRRAP is well conserved in other species analyzed, suggesting a biological meaning for its presence (Figure 3a) . Because TRRAP harbors conserved D-box motif and TRRAP degradation occurs before mitotic exit, we next examined the stability of TRRAP after specific knockdown of Cdc20 with small interfering RNA (siRNA) interference. Efficient knockdown of Cdc20 in 293T cells by siRNA was verified by qRT-PCR and western blot ( Figure 3b and data not shown). As shown in Figure 3b , TRRAP protein was drastically accumulated after Cdc20 siRNA transfection, as compared with a nontargeting siRNA transfection. Moreover, we observed an accumulation of TRRAP protein in Cdc20-depleted cells synchronized in G2/M phase ( Figure 3b ). Co-immunoprecipitation experiments showed a potential interaction of TRRAP with Cdc20. Both endogenous TRRAP and transfected Flag-TRRAP were able to immunoprecipitate Cdc20 in asynchronous HeLa and 293T cells ( Figure 3c ). This was confirmed with anti-TRRAP and anti-Flag antibodies ( Figure 3c , left panel), whereas no interaction between TRRAP and Cdc6 was observed. Furthermore, when using synchronized cell populations, we found that TRRAP/Cdc20 interaction is cell cycle dependent, with highest interaction during the G2/M transition (after 9 h of 2T block release), consistent with the time of TRRAP degradation ( Figure 3c , right panel). No interaction was detected between TRRAP and Cdc27, a core component of the APC/C complex, suggesting that APC may target TRRAP specifically via Cdc20. These data suggest a direct and cell cycle stage-specific interaction between TRRAP and Cdc20, and favors the idea that TRRAP degradation before mitosis is dependent on APC/C-Cdc20.
APC/C ligases Cdc20 and Cdh1 target TRRAP protein for degradation To validate the activity of the two most important APC/C ligases in TRRAP proteolysis, full-length TRRAP was co-transfected with Cdh1 or Cdc20 ligases into 293T cells, and TRRAP protein degradation was monitored by western blotting. Different concentrations of the ligases were used to define any potential dose/response effect. As shown in Figure 4a (left panel), Cyclin B1, a known target of the APC/C, displayed the expected lower expression after cotransfection with Cdh1. No effect was observed with Cdc20, probably because of the lower stability of the Cdc20 construct. However, either Cdh1 or Cdc20 co-transfections resulted in a dramatic reduction of TRRAP protein levels, with Cdh1 exhibiting a stronger effect (Figure 4a , right panel). Next, we co-transfected 293T cells with plasmids expressing TRRAP and Cdc20 or Cdh1 for 24 h, and then treated cells with cycloheximide for 1-5 h to inhibit protein synthesis. Cyclin B1 was stable during 5 h of treatment, whereas this was not the case in the presence of any of the two ligases ( Figure 4b ). In a similar way, TRRAP was relatively stable when expressed alone, indicating that TRRAP's half-life is 45 h (Figure 4b ). However, in the presence of both Cdh1 and Cdc20, the half-life of TRRAP was markedly reduced. Densitometry analysis confirmed that both Cyclin B1 and TRRAP are degraded in the few hours following cycloheximide treatment. Specifically, TRRAP levels were reduced to B30% of basal levels after 4 h of cycloheximide exposure ( Figure 4c ). In addition, these data indicate that TRRAP turnover takes place at a slower rate than Cyclin B1.
Together, these data suggest that the APC/C complex plays a role in ubiquitin-mediated turnover of TRRAP. By inducing TRRAP proteolysis, the APC/C ligases Cdc20 and Cdh1 have an important role during this process.
The D-box destruction motif in TRRAP is not required for TRRAP proteolysis To validate the interaction between TRRAP and the Cdc20 and Cdh1 ligases, we performed co-transfection experiments in 293T cells. Full-length TRRAP (GFP-TRRAP) was co-transfected with each of the ligases for 48 h, followed by immunoprecipitation with anti-GFP antibody (Figure 5a ). This experiment confirms that TRRAP is able to interact with both of the ligases. In addition, it suggests that ubiquitination of TRRAP is higher after co-transfection with Cdh1 and Cdc20 in comparison with TRRAP alone (Figure 5a) , consistent with the notion that these ligases are involved in proteolysis of TRRAP.
We next studied the importance of the destruction motifs in TRRAP degradation using site-directed mutagenesis. To this end, we replaced the three conserved residues in TRRAP D-box motif (D-box mutant) or deleted both D-box and KEN-box motifs (DK mutant; Figure 3a) . Although D-box mutation partially compromised the TRRAP/Cdc20 interaction (Supplementary Figure 2A) and TRRAP oscillation during the cell cycle (Supplementary Figure 2B) , TRRAP wild-type and mutant were similarly accumulated after proteasome inhibition (Supplementary Figure 2C) . Moreover, D-box and DK TRRAP mutants were sensitive to Cdh1-and Cdc20-induced proteolysis after ectopic expression (Supplementary Figure 5B) , suggesting that the D-box and Conservation of TRRAP D-box consensus sequence between species and alignment with known Cdc20 targets is included in the lower panels. (b) Cdc20 expression was interfered in 293T cells, as described in the Materials and methods. At 48 and 72 h after siRNA treatment, protein lysates were used for western blot analysis of Cdc20 and TRRAP expression (left panel). Right panel shows the expression after simultaneous Cdc20 interference and cell synchronization in G2/M (6 h after double thymidine block release). Actin was used as loading control in both experiments. (c, left panel) 293T cells were transfected with a Flag-TRRAP plasmid and IP for endogenous or Flag-TRRAP. Western blot was performed to detect interaction with Cdc20, using Cdc6 as negative control. (c, right panel) HeLa cells were used to detect interaction between endogenous TRRAP and Cdc20 during the cell cycle. Cells were synchronized with a 2T block and released for 6 or 9 h. Progressive interaction is shown for Cdc20, whereas no interaction is shown for Cdc27.
KEN-box have only a partial function in regulating TRRAP destruction by the APC/C.
Together, these results suggest that although Cdc20 and Cdh1 can directly interact with TRRAP, the D-box/KEN motifs in TRRAP may not play a central role in Cdc20/Cdh1 targeting and destruction of TRRAP. Instead, the presence of other less conserved destruction motifs may be important for TRRAP destruction before mitosis.
TRRAP overexpression delays mitotic progression and impairs chromosome condensation and sister chromatid cohesion A limited number of proteins have been described as targets of the APC/C complex, all of which have been associated with different roles during the cell cycle, most notably in mitotic exit. 15 Therefore, we aimed to test the importance of TRRAP degradation before mitosis by saturating the cellular degradation machinery through TRRAP overexpression. To this end, HeLa and 293T cells were synchronized and mock transfected or transfected with GFP-TRRAP, and cell cycle progression was monitored by time-lapse microscopy (Supplementary Figure 3A) . In addition to fluorescence detection, TRRAP overexpression was verified by qRT-PCR and western blot (data not shown). Although mock-transfected cells finished cell division in o15 min after the formation of the metaphase plate, TRRAP-overexpressing cells took up to Z1 h to complete mitosis, and sometimes cytokinesis was not seen even after 3 h from chromosomal condensation (Supplementary Figure 3B and C) . Quantification of these data is presented in Supplementary Figure 3D) . Importantly, this delay was frequently accompanied by segregation defects, including chromosome bridges and aberrant cytokinesis (Supplementary Figure 3C) .
As the delay in mitotic progression and mitotic exit is often caused by chromosomal segregation errors, we next examined the state of chromosomes in mitotic cells overexpressing TRRAP. To this end, cells were mock transfected or transfected with wild-type TRRAP or D-box mutant, and chromosome segregation was monitored by fluorescence microscopy. Our results revealed that chromosome bridges, lagging chromosomes and multipolar spindles were a common finding after TRRAP overexpression, compared with mock-transfected cells (Figures 6a and b) , whereas the distribution of cells in the different phases of mitosis was similar in all conditions (data not shown). These segregation defects were observed both after nocodazol and double thymidine synchronizations, ruling out a defect associated with drug treatment (Figures 6b and c) . Similar results were obtained after transfection with the D-box mutant. In addition, the mitotic index in the presence of nocodazol was similar between TRRAPoverexpressing cells and control cells (data not shown), ruling out the possibility that the segregation defects observed in TRRAPoverexpressing cells are because of cellular inability to induce a proper spindle-assembly checkpoint. Therefore, TRRAP overexpression or stabilization results in aberrant mitotic exit and impaired chromosome segregation in the presence of an intact spindle-assembly checkpoint.
Because acetylation of core histones is considered as a mechanism that dictates the level of relaxation/condensation of chromatin, we reasoned that deficiencies in compaction of chromosomes in cells overexpressing TRRAP may result in segregation defects. To test this possibility, we examined the level of chromatin condensation and chromatin cohesion on metaphase spreads from cells overexpressing TRRAP. Spreads were classified as normal, with increased length of metaphase chromosomes, or different degrees of lack of chromatid cohesion (that is, partially separated or scattered) (Figure 6d ). Whereas no defects in the number of chromosomes were observed in the spreads (data not shown), there were marked differences in the length and cohesion of sister chromatids after transfection with wild-type and D-box mutant TRRAP (Figure 6d and data not shown). Both a lack of cohesion and increased length of chromosomes were significantly overrepresented in TRRAPtransfected cells in comparison with mock-transfected controls (Po0.05; Figure 6d ). This suggests that the defects in segregation after TRRAP stabilization, including delayed mitosis and chromatin bridges, may be at least partially explained by a defect in condensation and reduced chromatid cohesion. Together, these results show that TRRAP overexpression results in a consistent delay in mitotic progression that could be explained by segregation defects.
TRRAP-related mitotic delay is partially dependent on global histone hyperacetylation Functionally, TRRAP is involved in the recruitment of multiple histone acetyltransferase components. Therefore, we next examined the role of histone modifications in the mitotic defects observed in TRRAP-overexpressing cells. We found an increased H4 acetylation in the DNA-bound fraction of chromatin fractionated DNA after transfection with full-length TRRAP (Figure 7a) . Interestingly, we also found a marked increase in H3K9me3 and a moderate increase in H3K4me2, suggesting that TRRAP overexpression induces changes in other histone modifications in addition to acetylation. No changes were found for other histone marks examined (histone H3, H3K12Ac or H3K9Ac) or the heterochromatin protein HP1 (Figure 7a) .
TRRAP-mediated histone acetylation may have a direct link to the mitotic defects described above. To directly address this possibility, we designed a truncated version of TRRAP (tTRRAP) that has a limited ability to induce histone acetylation. To this end, we introduced two stop codons downstream of the putative destruction boxes (D-box and KEN-box; Figure 7b ). As expected, this C-terminal-truncated form of TRRAP is still subjected to ubiquitination (Figure 7c ). In addition, we show that, at similar levels, this truncated form of TRRAP is indeed unable to increase global histone H4 acetylation, confirming an efficient elimination of the critical domain involved in HAT activity (Figure 7d) . To explore the impact of the truncated form of TRRAP on mitosis, we co-transfected H2b-cherry and either full length TRRAP or tTRRAP in HeLa cells during 48 h. Nocodazol (100 ng/ml) was added for the last 16 h, and time lapse microscopy was performed after release. The number of mitosis (per 100 cells) was determined during the next 30 min following nocodazol release (Figure 7e ). We found that tTRRAP has a milder effect than full-length TRRAP in delaying cell division (Figure 7e) . However, the effect on cell cycle is only partially reverted, suggesting that other domains of TRRAP may be involved in this process. It is noteworthy that H3K9me3 was still induced by this truncated version of TRRAP (Figure 7d ). This suggests that, in addition to histone acetylation, other chromatin-related functions of TRRAP may be associated with the mitotic defects.
DISCUSSION
In this work we have identified TRRAP as a novel target of the APC/C complex, whose degradation is necessary for proper chromosome segregation and mitotic exit. TRRAP is known to have different roles during the cell cycle. In the G1/S transition it is involved in the transcription of histones.
14 Later, during S phase, it participates in the repair of damage related with DNA replication and in the transcription of spindle-assembly checkpoint proteins. 12 The present report may explain how and why after these fundamental roles, TRRAP degradation becomes necessary at the G2/M transition.
The APC/C complex is considered as the master regulator of the mitotic transition of the cell cycle. Specifically, by forming a complex with the Cdc20 activator, the APC/C complex induces the D-box-dependent ubiquitination of a specific set of proteins to promote the exit from mitosis. Most of these targets have defined roles in regulating mitotic progression, including Cyclin B, Polo-like kinase, Aurora A and Securin. 15 Perhaps unexpectedly, we have identified one chromatin modifier as a direct target of the APC/C complex. In contrast, targeting the main ubiquitin ligase involved in the G1/S transition (that is, SCF/Skp2 complex) did not have any effect on the expression of TRRAP protein (data not shown). Although functional studies are needed to fully elucidate the biological role of TRRAP degradation before mitosis, our data indicate that HAT-related targets of the APC/C could be destroyed early in mitosis to inactivate HAT activities and assure chromatin compaction. It is interesting to note that in comparison with other APC/Cdc20 targets, TRRAP degradation starts relatively early (that is, B1 h before Cyclin A and Cyclin B1 destruction). Thus, together with Sgo1, 16 as well as p21, 17 TRRAP may be considered as one of the early targets of the APC/Cdc20 complex.
We found that although TRRAP contains a consensus D-box motif, it is not necessary for APC/C recognition and further proteolysis. Although similar destruction boxes are found The same constructs were co-transfected with H2b cherry in HeLa cells, and followed in a time-lapse experiment 48 h after transfection. Nocodazol was added at 100 ng/ml during the last 16 h. The number of successful cell division per 100 cells was counted during the 30 min after release from nocodazol-induced arrest. *Significant differences (P-value o0.05).
in Cyclin A, Cyclin B1, Sgo1, p21 or Securin, 4 there is remarkable variation between the primary destruction motifs of APC/C substrates. For example, for their APC/C-dependent degradation Nek2A has a KEN-box and a novel destruction motif at its C terminus 18 and HoxC10 contains two D-boxes, 19 whereas p21 destruction requires only a minimal D-box. 17 On the other hand, mutating the N-terminal D-box of cyclin A does not prevent its destruction by APC/C-Cdc20. 20 Similar to cyclin A, the presence of other less conserved destruction motifs may be important for Cdc20-and Cdh1-mediated proteolysis of TRRAP.
Previous studies have suggested a role for the APC/C in regulating the activity of HAT components. Specifically, two APC/C components, APC5 and APC7, were shown to interact directly with the co-activators CBP and p300, stimulating intrinsic CBP/p300 acetyltransferase activity and CBP/p300-dependent transcription. 21 On the other hand, gene ablation of CBP by RNAmediated interference markedly reduced the E3 ubiquitin ligase activity of the APC/C and the progression of cells through mitosis. 21 In addition, it was shown in yeast that the APC/C is involved in the control of histone H3 phosphorylation and the global deacetylation of H2B, H3, and H4 during exit from the cell cycle into G0. 22 Although these previous reports pointed at a role for the APC/C in regulating the physiological status of histone modifications, TRRAP is one of the first targets of the APC/C directly involved in histone modifications. It is noteworthy that the histone methyltransferase SET8/PR-SET7 has also been shown to be an APC target. 23 In addition, there are HATs with well-described mechanisms regulating their stability and degradation that are independent of APC/C. For instance, Tip60 is targeted for degradation by mono-and poly-ubiquitination by the Mdm2 ubiquitin ligase; however, this regulation is not dependent on the cell cycle. 24 The importance of TRRAP degradation is highlighted by the multiple cell division defects associated with its overexpression or partial stabilization. It is possible that as a part of multiple HAT complexes, TRRAP is involved in the changes in histone acetylation related with mitosis. Indeed, we have shown that blocking the function of TRRAP involved in histone acetylation partially rescues the mitotic delay observed after TRRAP overexpression. In addition, as mutations in the centromeric/kinetochore components or epigenetic modifications of this structure may lead to chromosome missegregation and G 2 /M delay, 25 similar to the phenotype associated with TRRAP stabilization (this study), further studies are needed to test a direct role of TRRAP in centromeric organization. An aberrant profile of histone modifications at the centromeres may lead to a defective kinetochore resulting in mitotic defects. 26, 27 It is noteworthy that we found that TRRAP overexpression is associated with a higher expression of a centromeric (H3K4me2) and a pericentromeric (H3K9me3) histone modification. In a similar way, TRRAP degradation seems to be important for appropriate chromosome compaction during mitosis. Consequently, we propose that APC/C-dependent degradation of TRRAP, and TRRAP-containing HATs, functions to prevent segregation defects and chromosomal instability (a summary of this model is presented in Figure 8 ).
This study demonstrates the role of tight control of histonemodifying factors in a chromatin reconfiguration during mitosis and strengthens the importance of the APC/C complex as a master regulator of mitotic exit. The APC/C complex is shown here to be involved in the degradation of a chromatin modifier, linking the changes in chromatin with the timely destruction of cyclins necessary for cell cycle progression through mitosis. Therefore, regulation of chromatin compaction through histone modifiers could represent a second arm for APC/C orchestration of the cell cycle machinery. Further studies will unravel the importance of tight regulation of chromatin modifiers during normal and pathological conditions.
MATERIALS AND METHODS
Cell culture and cell cycle analysis
HeLa and 293T cancer cell lines (American Type Culture Collection, Manassas, VA, USA) were grown in standard medium (Dulbecco's modified Eagle's medium or RPMI-1640, 10% fetal calf serum, 1% penicillin/ streptomycin (Gibco, Grand Island, NY, USA), 1% sodium pyruvate and 1% glutamine). After culture at different time points, samples were harvested, suspended in phosphate-buffered saline, fixed in 70% ethanol and their DNA content was evaluated after propidium iodide staining, as previously described. 28 Fluorescence-activated cell sorting analysis was carried out using a FACScan flow cytometer (Beckton Dickinson, San Diego, CA, USA) and CellQuest software (Beckton Dickinson). In some experiments, cells were synchronized using a double thymidine block protocol before cell cycle analysis. In brief, 2 mM thymidine was added to culture plates with o50% confluence for 17 h. Cells were released from first block by washing and replacing with fresh medium. After 8 h, cells were exposed again to 2 mM thymidine, and released 15 h later by washing and replacing with fresh medium. BrdU incorporation was used to detect cells entering and progressing through the S (DNA synthesis) phase. BrdU Figure 8 . Model of TRRAP regulation during the cell cycle. Based on previous reports and the present work, this model depicts the activities of TRRAP and its distribution during the cell cycle. TRRAP protein is low in G0/G1 and reaches maximum levels during S phase. In the G1/S transition, TRRAP is involved, for example, in the transcription of histones required for chromatin synthesis. Later, during S phase, it also participates in the repair of damage related with DNA replication. Drastic reduction of TRRAP levels occurs before mitosis by a mechanism dependent on the APC/Cdc20 complex and the ubiquitin-proteasome system. A fraction of TRRAP may have a role in setting the specific pattern of centromeric histone marks required for correct segregation.
was added 30 min before harvesting of cells, and incorporation to the cells was assessed by flow cytometry. Simultaneous staining of DNA with propidium iodide was used in combination with BrdU, followed by two-color flow cytometric analysis. Simultaneous staining with anti-phosphoSer10-H3 and propidium iodide was used for estimation of the mitotic index.
Quantitative RT-PCR Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA). Reverse transcription reactions were performed using MMLV-RT (Invitrogen, Grand Island, NY, USA) and random hexamers on 500 ng of total RNA per reaction according to the manufacturer's protocol. Primers and probes were designed using Universal Probe Library Assay Design Center (Roche, Basel, Switzerland). qRT-PCR was performed using a FastStart TaqMan Probe Master (Roche) and a MXP3000 real-time PCR system (Stratagene, Santa Clara, CA, USA). Each reaction mix contained 2 ml complementary DNA, 1 Â FastStart TaqMan Probe Master, 100 nM hydrolysis probe and 200 nM of each primer. The following PCR conditions were used in triplicate wells: denaturation step at 95 1C for 10 min, and 40 cycles of 95 1C for 30 s and 60 1C for 40 s.
Immunoblotting and immunoprecipitation
Equal amounts of protein lysates (50-100 mg) were separated by SDSpolyacrylamide gel electrophoresis on 5 or 12% gels, and electrotransferred to Immobilon-P membranes (Millipore Corporation, Bedford, MA, USA). Primary antibodies included anti-TRRAP (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-phosphoSer10-H3 (Upstate, Billerica, MA, USA), anti-Actin (ICN Biomedicals Inc., Irvine, CA, USA), anti-Cyclin B1 (Santa Cruz Biotechnology), anti-Cyclin A2 (Santa Cruz Biotechnology), anti-GFP (Sigma, St Louis, MO, USA), anti-Flag (Sigma), anti-Cdc6 (Santa Cruz Biotechnology), anti-Cdc20 (Santa Cruz Biotechnology), anti-Cdc27 (BD Transduction Laboratories, San Jose, CA, USA), anti-Ubiquitin (Santa Cruz Biotechnology) and anti-a-Tubulin (Sigma). After incubation with peroxidase-conjugated secondary antibody (Dako, Glostrup, Denmark), protein expression was detected using ECL Western blotting reagents (Amersham Biosciences, GE Healthcare, London, UK). Native cell lysis by sonication was performed according to the standard protocol. In all experiments, 1 mg of proteins was used for immunoprecipitation. Flag-Tag-TRRAP was immunoprecipitated with a-Flag antibody (Sigma) and Protein A Agarose beads (Amersham Pharmacia, Piscataway, NJ, USA).
Immunofluorescence and time-lapse experiments
Cells were fixed in ice-cold methanol/acetone for 10 min and then washed and incubated with a blocking solution containing 3% bovine serum albumin in 1 Â phosphate-buffered saline for 1 h. Primary antibodies anti-TRRAP, anti-b-Tubulin, anti-g-Tubulin, anti-CENP-A and anti-phosphoSer10-H3 were added for 2 h, followed by 1 h of incubation with Alexa Fluor 488-conjugated secondary antibody (Invitrogen). Cells were incubated with 4',6-diamidino-2-phenylindole or TO-PRO-3-iodide (Invitrogen) for 15 min before mounting using Vectashield Mounting Medium (Vector Laboratories, Burlingame, CA, USA). For time-lapse experiments, HeLa and 293T cells were transiently transfected with an H2b-cherry plasmid (kindly provided by P Wachowicz, CNIO Madrid, Spain) and TRRAP expression vectors. An Axiovert LSM 510 confocal microscope (Zeiss, Jena, Germany) was used for image collection. All images were analyzed using ImageJ (NIH, Bethesda, MD, USA) or LSM image browser software (Zeiss).
Metaphase spread
In situ chromosome and metaphase chromosome spreads were prepared and subjected to immunofluorescence staining as described previously, 29 except that the chromosomes were treated with 0.056 M of hypotonic solution and chromosome spreads were prepared by vertically dropping the cell suspension with a Pasteur pipette onto the slide. Image analysis was performed using ImageJ software.
Mutagenesis and transfections
Stratagene QuikChange XL mutagenesis kit was used to produce D-box TRRAP mutants on a GFP-Flag-TRRAP expression vector. Primers for mutagenesis are included in Supplementary Table 1 . Transient overexpression of TRRAP proteins was performed in HeLa and 293T cells by transfection of 5 mg of either construct by Lipofectamine (Invitrogen). The HA-tagged Cdh1 (Addgene, Cambridge, MA, USA, plasmid 11596) and HA-tagged Cdc20 (Addgene plasmid 11594) plasmids were described previously. 30 
RNA interference to knockdown Cdc20
The siRNA sequences used for targeted silencing of Cdc20 and nontargeting siRNA were chosen as recommended (ON-TARGETplus SMART pool L-xxxx, Dharmacon Incorporation, Chicago, IL, USA). Preparation of the duplexes was carried out according to the manufacturer's instructions. Transfection of siRNA duplexes was carried out using Dharmafect reagent (Dharmacon). Expression level of Cdc20 mRNA was measured 48 and 72 h after transfection.
Statistical analysis
Means and differences of the means with 95% confidence intervals were obtained using GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA). Two-tailed Student's t-test was used for unpaired analysis comparing averages between classes. The P-values of o0.05 were considered statistically significant. ImageJ 1.46rm (National Institutes of Health) was used for western blot densitometry, analysis of metaphase spreads and calculating intensity of fluorescence after transfections.
